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Introduction
for chromosome lesions during initial steps of GGR (22) . The DDB complex is part of a higher-order DDB1-DDB2-Cul4A complex, wherein DDB1 functions as an adaptor bridging DDB2 to the ubiquitin E3 ligase Cul4A during GGR (23) (24) (25) . Besides its most-studied roles in GGR, DDB2 has come to be recognized as a multifunctional protein, showing involvement in transcriptional regulation through its association with a variety of partners including transcription factor E2F1 (26) , transcriptional coactivators CBP/p300 (27) , and chromatin remodeling STAGA complex (28) .
While the importance of DDB2 in apoptosis has recently received considerable attention, most of the studies have focused on the p53-based apoptosis pathways (29, 30) . Considering that p53 is lost or dysfunctional in approximately half of human cancers, it is of special importance to identify new factors that promote apoptosis bypassing the p53-regulated pathways in chemoresistant cancers. We have reported earlier that DDB2 is inversely correlated with Bcl-2 in several cisplatin-resistant human ovarian cancer cell lines, and demonstrated that DDB2 is able to stimulate apoptosis independent of p53 by inhibiting bcl-2 transcription and promoting Bcl-2 degradation via the ubiquitin-proteasome pathway (31) .
Here, we further explored the underlying mechanism and demonstrated that DDB2 and DDB1 cooperate to repress the bcl-2 promoter activity in human ovarian cancer cells. DDB2 recognizes and binds to the bcl-2 promoter, the associated DDB1 recruits HDAC1 to deacetylate histone H3 along the bcl-2 promoter and enhancer regions.
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The HDAC1 shRNA and DDB2 shRNA lentiviruses were generated by co-transfecting HEK293T cells with MISSION shHDAC1 (TRCN0000004816), MISSION shDDB2 (TRCN0000083993) and MISSION Lentiviral Packaging Mix (Sigma, St. Louis, MO) using FuGENE 6 transfection reagents (Promega, Madison, WI) according to the manufacture's instructions, and further concentrated with Lenti-X Concentrator (Clontech, Mountain View, CA). As a control, the pLKO.1 vector based MISSION Non-target shRNA vector was used to generate the control lentivirus. Target cell lines were transduced with lentiviruses according to the manufactures' instructions (Sigma).
Dual-luciferase reporter assay
The bcl-2 promoter-luciferase reporter plasmid pGL3 containing the sequence covering both the P1 and P2 promoter, or P2 promoter only (Addgene plasmid 15381 and 15382, respectively) (10), as well as DDB2 expression plasmids were introduced into CP70 cells using the Lipofectamine 2000 transfection reagent (Invitrogen). As an internal control, the pRL4.73 plasmid (Promega), which carries a Renilla luciferase gene, was co-transfected into the cells. The cells were lysed to measure both firefly and renilla luciferase activities by Dual Luciferase Activity Detection System (Promega) 48 h post transfection.
Relative luciferase activity was calculated by normalizing the ratio of Firefly/Renilla luciferase activity to that of mock-transfected cells.
Chromatin immunoprecipitation (ChIP) assay
The ChIP assay was carried out as described previously with a few modifications (33) . Briefly, cells were cross-linked with 1% formaldehyde and lysed. Isolated nuclei were digested with Micrococcal nuclease (New England BioLab, Ipswich, MA) and sonicated. Immunoprecipitation (IP) was performed with various ChIP grade antibodies (Table S1 ). For IP of FLAG-tagged DDB2 from HeLa-DDB2 cells, EZview™ Red ANTI-FLAG® M2 Affinity gel (Sigma) was used. Immunoprecipitated DNA was purified by Phenol/chloroform extraction and quantified by real-time PCR analysis with primer sets corresponding to specific regions of the bcl-2 gene (Table S2) .
Quantitative real-time RT-PCR
Total RNA was extracted using Trizol reagent (Invitrogen), and the first strand cDNA was generated by the Reverse Transcription System (Promega) in a 20 μl reaction containing 1 μg of total RNA. A 0.5 μl aliquot of cDNA was amplified by Fast SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA) in each 20 μl reaction. PCR reactions were run on the ABI 7900 Fast Real-Time PCR system in the OSUCCC Nucleic Acid Core Facility.
Electrophoretic Mobility Shift Assay (EMSA)
The DDB1-DDB2-Cul4A complex (DDB.com) was purified from HeLa-DDB2 cells using the anti-FLAG M2 Magnetic agarose gel (Sigma) as described previously (23) . IRDye 700 5'-end-labeled oligos (24 bp) flanking the putative DDB2 binding site BCP1 (underlined) in the bcl-2 P1 promoter (Forward:
Reverse: 5'-IRDye700-ATTGAAAGGCTTCAAGCTCCTAAT-3') were synthesized (Integrated DNA Technologies, Coralville, IA), annealed and used as the DNA probe (labeled as Bcl-2 probe). As a positive control, 30 bp-long IRDye 700 5'-end-labeled oligos flanking the reported DDB2 binding site (underlined) in the MnSOD promoter (Forward:5'-IRDye700-GAGGCTAGCCTGCAGCCTCCTTTCTCC-3'; Reverse: 5'-IRDye 700-GGAGAAAGGAGGCTGCAGGCTAGCCTC-3') were also synthesized (IDT) and annealed (labeled as MnSOD probe). The annealing and binding assay were conducted according to the manufacture's instructions (Li-Cor, Lincoln, NE).All EMSA assays were conducted in a 20 μl reaction, and the products were resolved in native 4% polyacrylamide gels at 10 V/cm at 4 °C in the dark in 0.5 X Tris borate/EDTA buffer and imaged by Li-Cor Odyssey Imager (Li-Cor).
Immunoblotting and co-IP
Whole cell lysates were prepared by boiling cell pellets for 10 min in lysis buffer (2% SDS, 10% Science]). After protein quantification with Bio-Rad Dc Protein Assay (Bio-Rad Laboratories, Hercules, CA), equal amounts of proteins were loaded, separated on a polyacrylamide gel, and transferred to a nitrocellulose membrane. Protein bands were immuno-detected with appropriate antibodies (Table S1 ).
For co-IP, cells were lysed in cytoplasmic lysis buffer (10 mm Tris-HCl, pH 7.9, 0.34 M sucrose, 1.5 mM MgCl 2 , 10 mM KCl, 0.5% Nonidet P-40, and protease inhibitors). The isolated nuclei were resuspended in 200 µl of nuclease incubation buffer (50 mM Tris-HCl, pH 7.9, 20 mM NaCl, 1 mM MgCl 2 ) and digested at 37 °C for 30 min with 2 µl of Benzonase (Novagen, Gibbstown, NJ). 200 µl of solubilization buffer (50 mM Tris-HCl, pH 7.9, 300 mM KCl, 1 mM MgCl 2 , 2% NP40) was added after enzyme digestion and mixed. The chromatin-bound proteins were collected by centrifugation at 18,000 g for 30 min. Equal amount of the solubilized chromatin fraction was immunoprecipitated with anti-FLAG M2 magnetic beads (Sigma), eluted by 2 X SDS loading buffer and followed by immunoblotting analysis.
GST Pull down and binding assay
pGEX4T-GST and pGEX2T-GST-HDAC1 were kindly provided by Dr. Yi Qiu (University of Florida). Bacterially expressed GST or GST-HDAC1 proteins were immobilized on GST-Sepharose 4B beads (GE healthcare, Pataskala, OH), washed, and eluted with 20 mM reduced Glutathione (Sigma) in 50 mM Tris-HCl (pH 8.0). Glutathione was removed by using Amicon® Ultra 10K device and the purified protein was recovered. The protein-protein binding assay was carried out as described (34) .
Briefly, 2 nmol of purified GST or GST-HDAC1 was mixed with 10 μl 50% GST-Sepharose 4B beads and incubated with gentle rocking for 2 h at 4 °C. The beads were washed with TGEM (1.0) buffer once followed by TGEM (0.1) washing for three times, then incubated with 500 ng purified recombinant 
Statistical analysis
The correlation between DDB2 and Bcl-2 expression was analyzed with ANOVA. Evaluation of statistical significance was assessed using 2-Sample t-test. Differences were considered to be statistically significance at a value of P < 0.05. 
Results

DDB2 is negatively correlated with Bcl-2 in human ovarian tumors
We previously reported that DDB2 expression is inversely correlated with Bcl-2 in several ovarian cancer cell lines (31) , this was further confirmed with multiple clones of CP70 cells stably overexpressing DDB2 (Fig. S1A) . To evaluate the correlation between DDB2 and Bcl-2 expression in ovarian cancer tissues, a total of thirteen frozen tumor samples were randomly collected from patients diagnosed with late stage ovarian cancer. RNA and protein were isolated out of the same biomass resected from each tissue sample to unambiguously correlate alternations from transcriptome to proteome from sample to sample (35) . Consistent with previous observations in human ovarian cancer cell lines, a high Bcl-2/low DDB2 expression pattern was found in the majority of tissue samples (Representative immunoblot images in Fig. S1B ). A significant negative correlation (r = -0.754) was revealed by ANOVA analysis between the relative DDB2 and Bcl-2 protein levels in these tissue samples (Fig. 1A) . The bcl-2 transcript level is also negatively associated with DDB2 protein level (r = -0.628) (Fig. 1B) . However, this correlation is not statistically significant (p=0.052), which is probably due to the relatively small sample size. Collectively, this data suggests that DDB2 negatively regulates Bcl-2 expression in human ovarian tumors.
DDB2 down-regulates bcl-2 transcription from the upstream P1 promoter
As the regulation of the bcl-2 transcriptional program is a key step in determining the expression and function of the Bcl-2 protein, we next attempted to address how DDB2 exerts its negative control over bcl-2 transcription in ovarian cancer cells. Two reporter constructs driven by either the entire (P1+P2) promoter or only the P2 promoter of bcl-2 gene ( Fig. 2A) were used to determine their promoter activity in the presence of absence of DDB2 overexpression in CP70 cells, which express negligible endogenous DDB2 (31) . As shown in Fig. 2B , DDB2 transient overexpression reduced the bcl-2 promoter activity by nearly 30% when the entire bcl-2 promoter region, but not the P2 region only, was present in the reporter assay system. This indicates that DDB2 is able to down-regulate bcl-2 promoter activity to impose its transcriptional repression on bcl-2.
DDB2 is known to bind to the damaged DNA in a sequence-independent manner (24, 25) . One natural occurring mutant DDB2-K244E, identified from XP-E patients, is known to be defective in DNAbinding (36, 37) . To understand whether the DNA binding capacity of DDB2 is required for the transcriptional repression of bcl-2, a DDB2-K244E expression vector was used in the reporter assay. As shown in Fig. 2C , the DDB2-K244E mutant failed to suppress bcl-2 transcription. Consistent with this finding, the bcl-2 promoter activity was not affected by overexpression of DDB2-K244E mutant (Fig. 2D) .
Therefore, it appears that DNA binding capacity of DDB2, primarily through lysine 244 located in the β-propeller domain of DDB2, plays an essential role in DDB2-mediated bcl-2 transcriptional regulation.
A putative DDB2 binding site was identified in the bcl-2 P1 promoter
Having established that bcl-2 is subject to DDB2-mediated transcriptional modulation through the P1 promoter, we sought to identify cis-acting elements that are specifically recognized and bound by DDB2 in this region. DDB2 was recently revealed to repress MnSOD2 transcription via a cis-response element 5 -AGCCTGCAGCCT-3 located in the proximal promoter of the MnSOD2 gene (38) . Aided by this information, we performed a thorough sequence alignment with the above DDB2 binding sequence across the entire bcl-2 P1 promoter region, as well as the boundary region between these two promoters using DNASTAR software (DNASTAR, Inc., Madison, WI). Two putative DDB2 binding sites were identified: one is located at the extreme 5 end of bcl-2 P1 promoter, which differs by only 2 nucleotides with the reported sequence (labeled as BCP1 in Fig. 3A) , and the second lies in the boundary between P1 and M region with the sequence half split in each section (labeled as BCPM in Fig. 3A ). Quantitative ChIP analysis was then used to investigate whether DDB2 binds to these sites in vivo. As shown in Fig. 3B , DDB2 was enriched by 2.7-fold in the BCP1 site, but not in BCPM and two other sites (-2622 to -2484 and -2750 to -2611 in the bcl-2 promoter, data not shown).
To further confirm BCP1 as a bona fide DDB2 response element, EMSA was performed with a 24-bp oligo corresponding to the region from -3797 to -3820 in bcl-2 P1 promoter flanking the BCP1 site, and the DDB2 protein in complex with DDB1-Cul4A-Roc1 (DDB2.com), purified from HeLa-DDB2 cells (Fig. 3C ). As seen in Fig. 3D , a slower-migrating species appeared following the addition of DDB.com (lane 3). Similarly, EMSA with the MnSOD probe and DDB.com also showed a slower-migrating band (lane 6) as reported by Minig V. et al (38) , verifying our EMSA assay and the activity of DDB.com. In addition, the slower-migrating band disappeared in the super-shift assay after anti-DDB2 antibody was added to the system (Fig. 3E) , indicating it is the DDB2 subunit in the DDB2.com that specifically binds to the oligo. This observation is also in line with the report that only DDB2 harbors the intrinsic DNAbinding capability among all DDB2-containing forms identified to date (39) . To verify the sequence specificity of DDB2-DNA binding, two unlabeled specific competitors were used to compete with the target probe in EMSA: one is of identical sequence with the probe (O w ), and the other (O m ) carries a GC to TA transversion in the first AGCCT repeat of the BCP1 site. This sequence was chosen because it is reported that the sequence in the two pentanucleotide repeats is critical for DDB2 binding (38) . As expected, addition of O w results in the disappearance of the DDB.com-DNA complex, but no effect was observed when O m was used for competition (Fig. 3F) . In summary, our data indicates that DDB2 binds to the BCP1 site in the bcl-2 promoter in a sequence-specific manner both in vivo and in vitro.
Overexpression of DDB2 promotes histone H3 deacetylation in the bcl-2 promoter and enhancer regions
We then asked how the binding of DDB2 to the bcl-2 promoter affects the local chromatin structure to inhibit bcl-2 transcription. One possible mechanism is through spatial interference of the accessibility of other transcription factors. However, quantitative ChIP analysis demonstrated that neither E2F1 nor Sp1 exhibited any significant change in local enrichment to the bcl-2 P1 core promoter when DDB2 is overexpressed (Fig. S2A, B) , suggests that DDB2 acts independently of both E2F1 and Sp1 to negatively control the bcl-2 transcription.
Then we turned our focus to histone modification status along the regulatory regions in the bcl-2 gene.
Five specific regions in bcl-2 ( (Fig. 4B-F) . In contrast, overexpression of mutated DDB2 (K224E), which is unable to bind to DNA, failed to reduce the enrichment of H3K9,14ac in the bcl-2 P1 promoter (Fig. 4G) . Interestingly, in both P1 and P2 core promoters, no significant difference in H3K27 acetylation level was identified between CP70 and CP70-DDB2 cells (Fig. 4B-C) . Taken together, this data indicates that the elevated histone H3 deacetylation induced by DDB2 overexpression takes place across the regulatory region of bcl-2 in a sequence-and lysine site-specific manner.
HDAC1 is recruited to the bcl-2 P1 promoter by DDB complex through direct interaction with
DDB1
Alterations in the activities either of histone acetyltransferase (HAT) and/or histone deacetylases (HDAC) can affect histone acetylation levels. The recruitment of histone deacetylase to the bcl-2 promoter (40) have been reported. Thus, the enrichment profile of HDAC1 and HDAC2 in the bcl-2 P1 and P2 core promoter regions was mapped out in CP70 and CP70-DDB2 cells by quantitative ChIP analyses. No significant difference in the local enrichment of HDAC2 to the bcl-2 promoter was detected between CP70 and CP70-DDB2 cells. In contrast, HDAC1 exhibited a significant enrichment in the P1, but not P2 core promoter region in the cells overexpressing DDB2 (Fig. 5A, B) . Conversely, DDB2 knock-down by lentiviral-mediated RNA interference in A2780 cells (cisplatin-sensitive, DDB2-proficient cells) reduced HDAC1 accumulation in the P1 core promoter region of bcl-2 gene (Fig. 5D, E) .
This prompted us to hypothesize that HDAC1 might be recruited by DDB complex to the bcl-2 P1 promoter region. To test this hypothesis, we investigated a possible in vivo interaction between HDAC1 and DDB complex. We pulled down the intact DDB complex with anti-FLAG antibody in the cells transiently or stably overexpressing FLAG-tagged DDB2. In both systems, HDAC1 was found to reside 
in the DDB complex (Fig. 6A) . However, this in vivo assay is unable to address the question whether DDB2 or DDB1 directly interacts with HDAC1. To answer this question, we proceed with an in vitro binding assay using purified recombinant proteins to examine a potential direct interaction between HDAC1 and DDB1 or DDB2. FLAG-tagged DDB1 and FLAG-tagged DDB2 were purified from insect Sf9 cells by one-step FLAG affinity purification (Fig. S3) , and incubated with bacterially expressed, GST affinity -purified GST or GST-HDAC1 (Fig. S3) . As shown in Fig. 6B , FLAG-DDB1 was specifically pulled down by GST-HDAC1 but not GST in the binding assay. In contrast, GST-HDAC1 failed to pull down FLAG-DDB2. This data indicates a specific and direct interaction between HDAC1 and DDB1 in vitro.
To further validate the role of HDAC1 in DDB complex-mediated bcl-2 transcriptional downregulation, we compared the bcl-2 promoter activity in the cells with or without HDAC1 knockdown. As detected by the dual luciferase reporter assay (Fig. 6C, D) , the bcl-2 promoter activity was enhanced by nearly 1.3 fold following HDAC1 knockdown in comparison with the control, confirming that HDAC1 is involved in DDB complex-mediated bcl-2 transcriptional inhibition.
DDB2-mediated repression of bcl-2 expression enhances cisplatin-induced apoptosis
To understand the biological significance of DDB2-mediated repression of Bcl-2 transcription, we overexpressed either DDB2-WT or DDB2-K244E in CP70 cells and assessed the cellular apoptosis upon cisplatin treatment. As shown in Fig. 7 , DDB2-WT enhanced cisplatin-induced apoptosis as reflected by the increased cleaved PARP and cleaved caspase-3 (Fig. 7A,B) as well as increased Annexin V-positive cells (Fig. 7C,D) . However, cisplatin-induced apoptosis is compromised in DDB2-K244E overexpressing CP70 cells compared with DDB2-WT overexpressing cells (Fig. 7) . Consistently, Bcl-2 expression is dramatically reduced in DDB2-WT expressed cells, while is only slightly reduced in DDB2-K244E expressed cells (Fig. 7A,B) . Given that DDB2-K244E is unable to bind to the bcl-2 promoter to repress Bcl-2 transcription, the difference in cisplatin-induced apoptosis between DDB2-WT and DDB2-K244E overexpressed cells can be attributed to DDB2-mediated alteration of Bcl-2 expression. 
Discussion
Bcl-2, a key regulator in apoptosis and carcinogenesis, is frequently overexpressed in cisplatinresistant ovarian cancer cells (2, 41) . The bcl-2 regulation network is complex and not fully understood to date. We reported previously that DDB2 exhibits a negative correlation with Bcl-2 at both the transcriptional and translational level in several cisplatin-resistant ovarian cancer cell lines (31). Here we discussed the mechanism through which DDB1 and DDB2 subunits in the DDB complex cooperate to negatively regulate bcl-2 transcription in ovarian cancer cells.
Two promoters, P1 and P2, have been identified for the bcl-2 transcription regulation. In the majority of cell types, bcl-2 transcription is regulated through the P1 promoter (3, 5, 6, 8 ). This appears to be the case in ovarian cancer cells wherein DDB2 recognizes a responsive element located at the extreme 5' end of bcl-2 P1 promoter to exert the repressive effect. In light of the observation that K244E mutant of DDB2 fails to affect bcl-2 transcription, we propose that lysine 244 is indispensable for mediating the association between DDB2 and the bcl-2 promoter, which is further supported by the ChIP analysis showing that K244E mutant of DDB2 had no effect on the local histone H3K9, 14 deacetylation at bcl-2 promoter. As revealed by structural analyses, K244 residue in DDB2 is in direct contact with the DNA phosphodiester backbone via charge-stabilized hydrogen bonds (24), thus it is not surprising that this single residue in DDB2 is important for two seemingly conflicting tasks: the canonical sequenceindependent binding to damaged DNA in GGR and the sequence-specific binding to the BCP1 site in the bcl-2 promoter.
Direct binding of DDB2 to the BCP1 site evidenced in vivo and in vitro by the ChIP and EMSA assay suggests that DDB2 functions as a transcriptional repression factor for bcl-2. It has been previously reported that DDB2 is a negative transcription factor for MnSOD (38) (42) consensus site may imply a more general theme of DDB2 to exert transcriptional control over genes important in cell proliferation. DDB2 binding is coupled with histone H3 deacetylation in all cases; however, H3K27 was targeted for deacetylation in MnSOD (38) , while H3K9,14, not H3K27, were specially selected for deacetylation in the bcl-2 promoter.
By mapping the enrichment profile of two HDAC proteins to the bcl-2 promoter region, HDAC1 seems to be an important candidate responsible for the observed H3 de-acetylation activities along the bcl-2 regulatory regions. It might be of note that the widespread deacetylation effect observed across the bcl-2 promoter region, not limiting to the P1 core promoter region where HDAC1 is recruited, may be partially explained by the spatial proximity between HDAC1 to its targets brought about by its recruitment. It is also possible that other deacetylases than HDAC1 might also contribute to this effect. 
DDB1
, to the P1 core region located 2.2 kb downstream of BCP1 and deacetylates histone H3 at lysine 9, 14 sites along the regulatory regions of bcl-2, resulting in bcl-2 transcriptional repression.
We have demonstrated a stronger negative correlation between DDB2 and Bcl-2 protein levels than that between DDB2 protein and Bcl-2 mRNA levels in human tumor samples. It seems that DDB2 may also affect Bcl-2 protein stability. Indeed, we have previously shown that proteasome degradation is involved in the DDB2-mediated Bcl-2 reduction, probably through DDB-Cul4A E3 ligase-mediated ubiquitylation (31) . In addition, although abolishing DNA binding capacity of DDB2 compromises DDB2-mediated apoptosis upon cisplatin treatment, DDB2-K244E mutant still slightly enhances cisplatin-induced apoptosis, indicating an alternative Bcl-2-independent mechanism exists, and warranting a further investigation. 
